Background Prevention of obesity has focused on childhood as a target period. Our aim was to assess whether frequency of adolescent physical activity affected subsequent body mass index (BMI) gain through to mid-adulthood.
Introduction
With rates of obesity continuing to rise rapidly in adults and children worldwide, a recent report emphasized 'the need for prevention as the only feasible solution for developed and undeveloped countries alike'. 1 Childhood is a target period for prevention for several reasons; (i) obesity tends to track, so that fatter children are more likely to become fatter adults, 2 (ii) evidence is accumulating that children, like adults, suffer from adverse health consequences relating to their obesity, 3 (iii) children may be more amenable to intervention strategies than adults, 4 and (iv) treatment of obesity is difficult, with limited effectiveness. 5 In addition, lifestyle factors with the potential to influence obesity, such as physical activity and diet, generally show moderate tracking over time, [6] [7] [8] and it has been argued that healthy lifestyle habits should be encouraged in children, rather than allowing unhealthy habits to become established, which may require change later. 9 Based on indirect evidence of transport use, and sedentary activities such as television viewing, it is argued that physical activity is a primary factor underlying the current high rates of obesity. 10 Time trend data show that motorized transport use and hours spent watching television have been increasing over the last 30 years or so, 11, 12 providing suggestive evidence for declining activity levels. Walking and cycling have decreased in all age groups between 1985-86 and 1997-99, with the greatest falls being in school-age children and young adult males.
In children aged 14 years or less, walking and cycling fell by 20 and 26%, respectively, in the UK between 1985 and 1992 13 and by 40% in the US between 1977 and 1995. 14 In contrast, car travel by children in the UK increased concurrently by 40%. 13 While arguments on the role of decreasing physical activity are persuasive, conclusive evidence for a causal link between physical inactivity and obesity is lacking, partly because there are few prospective studies with relevant data to address this issue. Even with relevant prospective data, the direction of association is not always clear-cut, as suggested by our study of cross-sectional relationships between physical activity and body mass index (BMI) in the 1958 British birth cohort, in which the relationships changed with age. 15 This variation was particularly evident in males, in whom the direction of the relationship changed, such that in adolescence (16 years), BMI increased with increasing activity, whereas in childhood and adulthood BMI increased with decreasing activity. 15 Changing selection effects across the lifecourse probably explain this phenomenon; bigger adolescent boys have an advantage in the sports they are likely to participate in, and are therefore preferentially selected into sports activities. 16, 17 This makes investigating longitudinal relationships between physical activity and BMI particularly complex. The aim of this study was to investigate whether adolescent physical activity influences subsequent changes in BMI through to mid-adulthood life. Specifically, we examine physical activity on two occasions (11 and 16 years) in relation to trajectories of BMI from 16 to 45 years, within the wellcharacterized 1958 British birth cohort.
Participants and methods

Study population
All children born in England, Scotland, and Wales in 1 week of March 1958 were included in the 1958 British birth cohort. From a target population of 17 733 births, information was obtained on 98%. Follow-ups of surviving children were conducted at ages 7, 11, 16, 23, 33, 42 , and 45 years. 18 At age 45 years, from a target sample of 12 070 participants, 9377 provided some information. Sample attrition has resulted in a slight underrepresentation of those who are most disadvantaged, but the remaining sample is generally representative of the original sample. 6, 19 For the purposes of this study, we compared mean BMI at 7 and 11 years for all cohort members with data (from original dataset), with means for cohort members included in analyses of BMI trajectories between 16 and 45 years (those with at least one BMI measure between 16 and 45 years plus a measure of physical activity at 16 years). Differences in mean BMI at 7 or 11 years between the original dataset and sub-sample included in analyses were very small, in males and females, <0.04 kg/m 2 . Ethical committee approval for the 45 year survey was obtained from the South-East Multi-Centre Research Ethics Committee, UK. For the 33 year survey, ethical committee approval was not sought, although cohort members were asked to give written consent for access to medical records.
Body mass index
BMI (kg/m 2 ) was calculated from heights and weights. At 11 and 16 years, heights (to the nearest inch) and weights (in underclothes, to the nearest pound) were measured by trained medical personnel. At 23 years, self-reports of weight and height were obtained. At 33 and 45 years, weight was measured with indoor clothing, without shoes, to the nearest 0.1 kg, and height was measured to the nearest centimetre at 33 years and to the nearest millimetre at 45 years. Data have been checked to detect measurement and data entry errors. 19, 20 BMI values for women who were pregnant at 33 years (n 5 256), were excluded.
Physical activity
Physical activity frequency was assessed by questionnaire at 11 and 16 years. At 11 years, the mother responded to four questions about how often the child used parks, recreation grounds, swimming pools, and indoor play centres, and the child answered one question on how often (s)he played outdoor sport or took part in sport outside school hours. These five activity variables were combined to give a single variable with four categories ranging from least active to most active. 15 At 16 years, participants were asked how often they played outdoor and indoor games and sports, and went swimming and dancing. We combined the four activity variables to give a single four category variable. 15 In adulthood, participants responded to a single question, about frequency of sports participation at 23 years, and of regular physical activity at 33 and 42 years. 15 As an aid to recall, the question at 33 and 42 years provided several examples of activities, but this was not provided at 23 years. Original categories ranged, at 23 years, from '5 times per week or more', to 'not at all in the last 4 weeks' and at 33 and 42 years, 'most days' to ',2-3 times per month'. We collapsed the original six categories to four, to avoid small proportions of participants in some categories. 15 
Potential confounding factors
The influence of several previously identified potential confounding factors was considered. Maternal body mass index: maternal height without shoes was measured, and pre-pregnant weight self-reported in categories of 1 stone, shortly after the birth of the cohort member. To estimate BMI, mothers were assigned a weight equivalent to the midpoint of their weight group.
Social class was defined using father's occupation, according to the UK 1951 General Registrar's classification. We used two categories in our analyses; (i) classes I, II, and III-NM (professional, managerial, and skilled non-manual) and (ii) III-M, IV, and V (skilled, semi-skilled, and unskilled manual, and those recorded as having 'no male head of household').
Pubertal stage was assessed by doctors at 11 and 16 years. Measures used in this study (based on previous work 21 ) include:
for girls, breast development at 11 years was assessed on a scale of 5 (1 5 preadolescent, 5 5 mature) and age at menarche reported at 16 years; for boys, axillary hair at 16 years was assessed as absent, sparse, intermediate, or adult, and age of voice breaking reported at 16 years. Television viewing was assessed by questionnaire, at 11, 16, and 23 years. At 11 and 16 years cohort members reported how often they watched television as often, sometimes, or never/ hardly ever. Few children reported watching television never or hardly ever (2-6%) and, therefore, the sometimes and never/hardly ever categories were combined. At 11 years 'often' was defined as nearly every day, but at 16 years 'often' was undefined. At 23 years, cohort members reported how often they watched television in six categories ranging from '5 times per week or more', to 'not at all in the last 4 weeks'. In this paper we used two categories; >5 times per week and <4 times per week.
Statistical analyses
Measures of BMI at different time-points within individuals are correlated: in the 1958 birth cohort correlation coefficients between successive ages ranged from 0.64 to 0.79, with a lower coefficient of~0.5 for the longer time period between 16 and 45 years. We used multilevel models to model the BMI trajectory over time and to allow for the correlation between repeated BMI measures. These models allow for missing outcome data, so that all participants with at least one BMI measure (and data on all independent variables) are included in the analyses. It is assumed that outcome data are missing at random, i.e. that the likelihood of a measurement being missing is unrelated to the actual measurement value. Complete data on BMI (i.e. at all four timepoints) was available for about a third of the participants and a further 29% had data at three time-points. On investigation, we found no clear trend between BMI at 45 years and number of measurements available, supporting the model assumption of data missing at random. All analyses were performed for males and females separately, using MLWin version 1.10, Institute of Education, London, UK. 22 To make inferences about causality, analyses were designed so that the timing of predictors preceded the outcome, or in some instances coincided with the first BMI outcome measure. Thus, for analyses of physical activity at 11 or 16 years, the BMI trajectory between 16 and 45 years was modelled. To establish effects of activity in adolescence on adult BMI trajectories, we also modelled BMI between 23 and 45 years. This allowed us to include activity at 23 years as an additional predictor.
Stages of analyses were as follows. First, change in BMI with age was modelled, using both linear and quadratic age terms. Because each follow-up of the cohort members took place over a period of time (6-19 months), exact age (to the nearest month) was used wherever possible. Age was centred at 33 years so that the intercept of the model represents mean BMI at 33 years. The slope represents the linear change in BMI per year. Random effects at the individual level were included for the intercept and linear age term, allowing both intercept and linear slope to vary between individuals. Random effects for the quadratic age term were not significant. Second, we added physical activity (as a continuous variable) to the model, allowing the intercept (BMI at age 33) to vary by level of activity. An interaction term for physical activity by age was also added to test whether the slope of the BMI trajectory varied by physical activity. To examine whether any effect of physical activity in childhood operated through continuities in activity habits over time, we adjusted for activity at 33 years and its interaction by age term. Adjustment for potential confounding factors, including childhood BMI, mother's BMI, social class, pubertal stage, and television viewing and their interaction terms by age were also examined. Third, we carried out several sensitivity analyses. We repeated main analyses (i) with physical activity as a categorical variable, (ii) after transforming BMI using a natural logarithm, and (iii) accounting for the fact that the variance of BMI increases with age by adding a random effect at the time-point level to the age coefficient. All sensitivity analyses gave similar results to those presented here.
Finally we examined changes in activity between adolescence and adulthood, in relation to BMI at 16 years and to subsequent BMI gain. We obtained categories of change in activity from a cross-classification of the top two vs the bottom two physical activity categories at two time-points, (i) 16 and 23 years and (ii) 16 and 45 years. ANOVA estimates were used to test whether those changing their activity status between 16 and 23 years (or 45 years) differed from those remaining in the same activity group at both ages. For example, whether those who changed from inactive to active differed from those who remained inactive. We also compared the active at both time-points with the inactive. Bonferroni methods were used to allow for multiple comparisons. To check whether results were sensitive to the classification of activity we repeated analyses with a different classification; findings were similar. All non-multi-level analyses (means, correlations, distributions, ANOVA) were carried out using SPSS for Windows, version 12.0.1, SPSS Inc., Chicago, Illinois.
Results
BMI increased with age, and was higher in females than males at 16 years, but higher in males from 23 years onwards (Table 1) . Males were more active than females at 11, 16, and 23 years, whereas activity was similar at 33 and 42 years ( Table 2) . Physical activity had a low to moderate correlation between successive time-points, with coefficients between 0.1 and 0.2.
Physical activity at 11 years had no effect on BMI at age 33 years (intercept), and no effect on the slope of the BMI trajectory, either from 16 to 45 years or from 23 to 45 years in males or females (Table 3) . Physical activity at 16 years showed significant effects on both BMI at 33 years and on the slope of the trajectory from 16 (Table 3 ). This effect of activity at 16 years in females was similar in a model where the outcome was a BMI trajectory between 23 and 45 years, but in males, activity at 16 years had no effect on the BMI trajectory between 23 and 45 years (Table 3) . Also in males, activity at 23 years had no effect on BMI at 33 years (intercept), (Table 3) .
Adjustment for adult activity (at 33 years) had little effect on our findings. Adjustment for potential confounding factors (mother's BMI, socioeconomic status, pubertal stage, television viewing, activity at 33 years) had little or modest effects on our findings. To illustrate the latter, in females, adjusting for television viewing slightly reduced the effect of activity at 23 years on the 23-45 years BMI trajectory (À0.010 to À0.008 kg/m 2 /year). We conducted further analyses in order to better understand the effects of adolescent physical activity on the BMI slope, in particular to clarify the change from a positive to null effect for activity at 16 years among males. Figures 1 and 2 
Discussion
The main focus of our study was the influence of physical activity in adolescence on the change in BMI from adolescence through into mid-adulthood. In the 1958 British birth cohort, BMI increased steadily throughout adulthood, and by the age of 45 years mean BMI was nearly 28 kg/m 2 in men and 27 kg/m 2 in women. Thus over half of all men and women were overweight by age 45 years using the internationally accepted cut-off of 25 kg/m 2 . As shown previously for this population 21 there was considerable tracking, or correlation, of BMI between age 16 and adulthood, indicating a tendency to maintain a relatively high, or low BMI. Results from our study suggest that the gain in BMI over~30 years of adult life is influenced by frequency of physical activity in adolescence and the early adulthood period, but there are complexities in the patterns observed. Our longitudinal analysis therefore adds important information about changes in BMI over time, and in this regard, it is noteworthy that effects of physical activity were seen in relation to rate of change in BMI as well as on BMI at a later age in adulthood (age 33 years, as identified as the intercept in our models). Adolescence is a period during which activity tends to decline, 23 and selection effects may be changing. 15 A major strength of the 1958 birth cohort is not only that it has a large sample size, but that for this study, both measures of predictor and outcome were available at several ages and over an extended period of time. Therefore, we were able to relate physical activity at more than one time-point to trajectories of BMI, which is relevant given the relatively low tracking of activity and likely changes in selection effects. It is also important to highlight that we have taken account of key confounding factors, in particular parental BMI, own BMI in childhood, childhood socioeconomic position, pubertal stage, and television viewing, 24 none of which altered our findings. Consistent with other studies, effects of physical activity on BMI gain were independent of television viewing. We acknowledge that our measures of activity are not direct indicators of physical activity and that misclassification may have occurred. Nevertheless, a recent systematic review found that measures such as access to facilities and programmes, and time spent outdoors, were consistently related to children's physical activity. 28 Our activity measures in adulthood provide a measure of frequency, not duration or intensity, but all three aspects of activity have been found to be relevant to body fatness or weight maintenance. 29, 30 Assuming that misclassification of physical activity in our study is random, the relationships we observed are likely to be attenuated, and under-estimate what is actually occurring.
Frequency of physical activity at 11 years did not influence subsequent BMI or change in BMI through to age 45 years. In females, the most active at age 16 years had a slower gain in BMI than others, and this effect was consistent in direction and of similar magnitude for the BMI trajectory to 45 years commencing at 16 or at 23 years. Thus over the 30 year period from 16 years onwards, the most active females gained 0.6 kg/m 2 less than the least active females. This differential gain in BMI partly explains the cross-sectional relationships for this study population, reported elsewhere, whereby more active females had a lower mean BMI than less active females at age 23 years but not at age 16 years. 15 In contrast, physically active males at 16 years had faster gains in BMI between 16 and 45 years than their less physically active peers, so that over this 30 year period, the most active gained 0.4 kg/m 2 more than the least active. Active 16-year-old males did not, however, have a faster gain in BMI between 23 and 45 years, suggesting that countervailing influences might be operating around adolescence and early adulthood. Although the direction of effect associated with activity at 16 years might be unexpected, it is evident in crosssectional findings in this study population. 15 As we argue elsewhere, the direction of effect (i.e. the faster gain in the most active adolescent males) is likely to be due to a process whereby bigger adolescent boys are more likely to be selected into sportsrelated activities, 16, 17 and these bigger boys gain BMI more rapidly during the 16-23 years period. 15 Recognizing that later activity might modify the effect of activity at 16 years on the BMI trajectory, we adjusted for adult activity at 23 or 33 years (separately), but this had negligible effect. (Activity at 33 years had an independent influence on the trajectory with more active males at 33 years having a slower gain in BMI between 16 and 45 years.) It is notable, however, that the positive association between adolescent activity and BMI trajectory is very much weakened when considered from age 23 years rather than from 16 years. Furthermore, activity in males in early adulthood is not positively related to the subsequent BMI trajectory, but shows a negative effect, consistent with the direction of effect seen in women, although in men it is non-significant. Our results from multi-level analyses were consistent with additional analyses on change in activity over time. Males active at 16 and 23 years had a higher mean BMI gain than those who were inactive at both time-points, an opposite pattern to that seen in females. However, looked at over the longer period (16-42 years), in males there was no longer an excess BMI gain in those active at both time-points compared with the inactive. Furthermore, males who decreased their activity between 16 and 42 years were subject to the greatest gains in BMI. Thus, studying patterns of change in activity status provides a valuable supplement to the multi-level analysis. Effects of changing activity may relate to the types of activities that young males participate in. For example, some activities are largely physically active team sports such as football and rugby, that may require commitment, which leads to an 'all or nothing' pattern of participation. A decrease from 'all' to 'nothing' may, therefore, have a relatively large impact on energy expenditure and BMI.
Prospective studies investigating effects of physical activity at baseline on a subsequent change in weight or BMI are limited in number. A recent review identified six studies in adults, with mixed findings. 31 In an earlier review of studies in children, we identified four studies of physical activity and change in fatness and, similarly, findings were inconsistent. 24 Most of these studies report data on BMI, or some other measure of fatness at two time-points; baseline and follow-up. Few studies have data on body fatness at several time-points. 32, 33 Moore et al. 33 found that higher average levels of physical activity in childhood between 4 and 11 years predicted slower gains in BMI between 4 and 11 years. Van Lenthe et al. 32 reported that change in physical activity between 13 and 27 years was negatively related to change in subscapular skinfold thickness (13-27 years) in females but not males, which is not inconsistent with our findings. Given the complexity in the relationships seen in our study between frequency of activity and BMI, with changes over time and different gender patterns, it is unsurprising that there have been some inconsistencies in the literature, in which different life stages have been investigated with variable periods of follow-up. In summary, we found that physical activity at 11 years did not influence BMI gain from 16 years (or 23 years) to 45 years. This might be because the behaviour is too distant in time to influence BMI 4 years later and beyond. Alternatively, physical activity may be poorly differentiated in this cohort at this age, or our measure of activity at 11 years may have resulted in misclassification. Thus we cannot exclude the possibility that activity in earlier adolescence has an influence on later BMI gain. Females physically active at 16 years showed a slower gain in BMI between 16 and 45 years and between 23 and 45 years than less active females, suggesting that activity at 16 years may have a prolonged benefit on weight maintenance. Males physically active at 16 years showed faster gains in BMI between 16 and 45 years than less physically active males, but no effect was seen for the BMI trajectory between 23 and 45 years, suggesting that activity at 16 years primarily influences change in BMI over late adolescence and early adulthood, as indicated with measures at 16 and 23 years in our study population. This interpretation is supported by our analyses in which activity over the longer timeperiod through to mid-adulthood was no longer associated with the highest gain in BMI, whereas a change from active to less active was seen to have adverse effects on BMI gain over this stage of the lifespan.
